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The adapter protein Grb10 belongs to a superfamily of related proteins, including Grb7, -10, and -14 and
Caenorhabditis elegans Mig10. Grb10 is an interacting partner of the insulin-like growth factor I receptor
(IGF-IR) and the insulin receptor (IR). Previous work showed an inhibitory effect of mouse Grb10 (mGrb10�)
on IGF-I-mediated mitogenesis (A. Morrione et al., J. Biol. Chem. 272:26382–26387, 1997). With mGrb10� as
bait in a yeast two-hybrid screen, mouse Nedd4 (mNedd4-1), a ubiquitin protein ligase, was previously isolated
as an interacting protein of Grb10 (A. Morrione et al., J. Biol. Chem. 274:24094–24099, 1999). However, Grb10
is not ubiquitinated by Nedd4 in cells. Here we show that in mouse embryo fibroblasts overexpressing Grb10
and the IGF-IR (p6/Grb10), there is a strong ligand-dependent increase in ubiquitination of the IGF-IR
compared with that in parental cells (p6). This increased ubiquitination is associated with a shorter half-life
and increased internalization of the IGF-IR. The IGF-IR is stabilized following treatment with both MG132
and chloroquine, indicating that both the proteasome and lysosomal pathways mediate degradation of the
receptor. Ubiquitination of the IGF-IR likely occurs at the plasma membrane, prior to the formation of
endocytic vesicles, as it is insensitive to dansylcadaverine, an inhibitor of early endosome formation in IGF-IR
endocytosis. Grb10 coimmunoprecipitates with the IGF-IR and endogenous Nedd4 in p6/Grb10 cells, suggest-
ing the presence of a Grb10/Nedd4/IGF-IR complex. Ubiquitination of the IGF-IR in p6/Grb10 cells is severely
impaired by overexpression of a catalytically inactive Nedd4 mutant (Nedd4-CS), which also stabilizes the
receptor. Likewise, overexpression of a Grb10 mutant lacking the Src homology 2 (SH2) domain impaired
ubiquitination of the IGF-IR in parental p6 and p6/Grb10 cells, indicating that Grb10 binding to Nedd4 is
critical for ubiquitination of the receptor. These results suggest a role for the Grb10/Nedd4 complex in
regulating ubiquitination and stability of the IGF-IR, and they suggest that Grb10 serves as an adapter to form
a bridge between Nedd4 and the IGF-IR. This is the first demonstration of regulation of stability of a tyrosine
kinase receptor by the Nedd4 (HECT) family of E3 ligases.

Grb10, originally identified as a binding partner of tyrosine-
phosphorylated epidermal growth factor receptor (EGFR)
(44), is a member of a family of adapter proteins that includes
at least seven isoforms in humans and mice. Grb10 was isolated
in our laboratory and others as an interacting partner for the
insulin-like growth factor I receptor (IGF-IR) (8, 37), the in-
sulin receptor (IR) (10, 12, 14, 26, 29), or both (43). Grb10
interacts also with the platelet-derived growth factor receptor
(62).

All known Grb10 isoforms (41) contain a highly conserved
Src homology 2 (SH2) domain at the C terminus, a pleckstrin
homology (PH) domain in the central region, and a less con-
served N terminus, containing proline-rich sequences which
may provide binding sites for SH3 domain-containing proteins
(11, 29). Recently, another domain was identified and named
BPS (for “between PH and SH2”) (15), and this domain ap-
pears to mediate binding to the IGF-IR (15, 56).

The functions of the different Grb10 isoforms have not been
fully elucidated, and the available data are partially discordant.
We showed an inhibitory effect of mouse Grb 10 (mGrb10�)

on IGF-I-mediated cell proliferation (38). An inhibitory effect
on IR and IGF-IR signaling has also been reported by other
investigators (29, 56). On the other hand, O’Neill et al. and
Wang et al. reported stimulatory effects on IGF-I and insulin
signaling with human or mGrb10 variants (43, 62). They
showed that Grb10-SH2 peptides acted in a dominant negative
fashion to inhibit IGF-I and insulin-induced DNA synthesis,
and they therefore assumed that Grb10 must have a stimula-
tory effect on IGF-I and insulin-stimulated cell proliferation.
One possible explanation for these apparently contradictory
results may be that these authors used DNA synthesis as a
parameter of cell proliferation, and there are many examples
of cells synthesizing DNA but not dividing (50, 58). Indeed,
previous work showed that mGrb10� is able to promote IGF-
I-induced DNA synthesis in p6/Grb10 cells to the same level as
in parental p6 cells. Fluorescence-activated cell sorting analysis
also showed that p6/Grb10 cells are then blocked between the
S and G2 phases of the cell cycle, failing to fully respond to
IGF-I with cell division (38). Other possible explanations for
the discordant results may be related to the different Grb10
isoforms used, which can have different functions and may
compete for common substrates.

Recently, the Grb10 gene on mouse chromosome 11 was
identified as a maternally expressed imprinted gene (33), and it
has been suggested that it may be a candidate gene for the
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Silver-Russell syndrome in humans, a syndrome that is char-
acterized by pre- and postnatal growth retardation.

The Grb10 SH2 domain was previously shown to interact
with MEK1 and Raf1 kinases in a phosphotyrosine-indepen-
dent manner, and Grb10 mutations within the SH2 domain
have been reported to induce apoptosis (41). The Grb10 SH2
domain has also been reported to interact with the growth
hormone receptor (39), the Elk receptor (55), the Bcr-Abl
tyrosine kinase (3), and the Akt kinase (20).

The yeast two-hybrid system was recently used to screen a
mouse embryo library (60) with full-length mGrb10 as bait, and
a cDNA (36) encoding the C2 domain of mouse Nedd4 (for
“neuronal precursor cell-expressed developmentally down-reg-
ulated 4”) was isolated (25).

Mouse Nedd4 (Nedd4-1) is a ubiquitin protein ligase (E3)
containing a C2 domain, three WW domains (6), and a HECT
(for “homologous to the E6-AP carboxyl terminus”) domain
(19). The WW domains of Nedd4 (Nedd4-1 and -2) have been
shown to interact with the epithelial sodium channel (ENaC),
recognizing proline-rich PY motifs (23, 53), and this interac-
tion promotes ubiquitination and destabilization of the chan-
nel (1, 13, 22, 54). Nedd4 has been also shown to bind to and
regulate the stability of the guanine nucleotide exchange factor
CNrasGEF (46, 47). The C2 domain of rat Nedd4 binds phos-
pholipids and mediates Ca2�-dependent translocation to the
plasma membrane (49) through interaction with annexin XIIIb
(48).

Deletion mutants of Grb10 have been used to show that it is
the SH2 domain of Grb10 that is responsible for binding to the
C2 domain of Nedd4. The interaction of mGrb10 and Nedd4
was confirmed in cells, and it was shown that endogenous
Nedd4 forms a constitutive complex with Grb10, in a Ca2�-
and phosphotyrosine-independent manner (36). Despite this
complex formation, Grb10 is not ubiquitinated by Nedd4 in
cells. Here we show that the interaction of Grb10 with Nedd4
serves instead to mediate ligand-dependent ubiquitination of
the IGF-IR, and we propose that Grb10 acts as an adapter,
forming a bridge between Nedd4 and the receptor.

MATERIALS AND METHODS

Cell lines. p6 and p6/Grb10 cells are mouse embryo fibroblasts overexpressing
the IGF-IR (p6) or the IGF-IR and mGrb10� (p6/Grb10) (36, 38).

Ubiquitination assays in cells. p6 and p6/Grb10 cells were plated in triplicate
at a density of 6 � 105 cells/well in six-well plates and transiently transfected with
4 �g of the eight-hemagglutinin (HA)-tagged ubiquitin construct (HA-Ub) (57)
(kindly provided by D. Bohmann) per well using 5 �l of DNA/�g of Lipo-
fectamine 2000 (Gibco). After 24 h, cells were shifted to serum-free medium
(SFM) for an additional 24 h and then stimulated for 10 min with 20 ng of IGF-I
(Gibco) per ml in the presence of 20 �M MG132 (Calbiochem) and 0.4 mM
chloroquine (Sigma) to accumulate the ubiquitinated species. Where indicated,
500 �M dansylcadaverine (Sigma) was added with IGF-I. Lysates of p6 or
p6/Grb10 cells were pooled, and 800 �g of protein was immunoprecipitated in
HNTG buffer (20 mM HEPES [pH 7.5], 150 mM NaCl, 0.1% Triton X-100, 10%
glycerol, 0.2 mM sodium orthovanadate, protease inhibitor mix [Roche]) sup-
plemented with MG132 and chloroquine (at the concentrations above) with
anti-IGF-IR monoclonal antibodies (Oncogene Sciences). Filters were immuno-
blotted with anti-HA monoclonal antibodies (Covance) to detect ubiquitinated
proteins. Ubiquitinated species appear as a high-molecular-weight smear. The
filters were also reprobed with antiphosphotyrosine monoclonal antibodies
(Transduction Laboratories) to determine activation of the receptor. The
IGF-IR was detected with polyclonal antibodies from Santa Cruz.

To ensure ubiquitination of the IGF-IR and not of associated proteins in the
presence of Grb10, we performed ubiquitination assays of the IGF-IR under
reducing conditions (47). After transient transfections, pooled lysates of IGF-I-

stimulated p6/Grb10 cells were boiled in 1% sodium dodecyl sulfate (SDS) for
5 min. Boiled lysates were diluted 11 times with HNTG buffer to dilute the SDS
prior to immunoprecipitation with anti-IGF-IR antibodies, as described above.

To detect ubiquitination of the IGF-IR at endogenous levels of ubiquitin, 2 mg
of IGF-I-stimulated (in the presence of MG132 and chloroquine) p6/Grb10 cell
lysates was immunoprecipitated with anti-IGF-IR antibodies, and proteins were
stained with antiubiquitin antibodies (Covance).

p6/Grb10 cells were also transiently cotransfected with the HA-Ub plasmid in
combination with either the empty pRC-CMV vector or the pPRC-CMV-
Nedd4(CS) vector, encoding Nedd4(CS). This Nedd4 mutant carries a point
mutation of the conserved Cys (Cys to Ser) of the HECT domain and is unable
to transfer ubiquitin and hence catalytically inactive (47). The expression of
tagged mutant Nedd4 transiently transfected into p6/Grb10 cells was detected
with anti-T7 tag monoclonal antibodies (Novagen), followed by incubation with
horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (Onco-
gene Science) or horseradish peroxidase-linked protein A (Amersham Corp.
instructions). Blots were then developed with the ECL system according to the
manufacturer’s instructions (Amersham Corp).

Analysis of IGF-IR levels. p6 and p6/Grb10 cells were starved in SFM for 24 h
and then stimulated with 20 ng of IGF-I (Gibco) per ml for different times (0, 8,
14, 16, 18, and 20 h). This concentration of IGF-I is the one used in previous
work (36, 38). Cells were lysed, and the level of the IGF-IR was determined by
immunoblotting with polyclonal antibodies against the � subunit of the IGF-IR
(Santa Cruz). Normalization of proteins loaded on the gel was done by incubat-
ing the same filter with anti-Grb2 monoclonal antibodies (Transduction Labo-
ratories). The inhibitors of the proteasome (MG132) or the lysosomal (chloro-
quine) pathway or dansylcadaverine was added at the time of stimulation with
IGF-I.

Pulse-chase experiments. p6 and p6/Grb10 cells were plated in triplicate onto
six-well plates. Cells were starved overnight in serum-free methionine-cysteine-
free medium (Gibco) and then labeled for 1 h in the same medium containing
500 �Ci of [35S]Cys-Met (Promix; Amersham)/ml. Cells were extensively washed
and placed in fresh SFM plus IGF-I (time zero) and then chased for 2, 4, and 8 h.
Pooled lysates (300 �g) from each time point were immunoprecipitated with
anti-IGF-IR antibodies (Oncogene Sciences) and loaded on SDS-polyacrylamide
gels, and the dried gels were then exposed for autoradiography. p6/Grb10 cells
were also transiently transfected as described above with either the empty pRC-
CMV vector or pPRC-CMV-Nedd4(CS) before the cells were shifted to serum-
free Cys-Met-free medium. Inhibitors were added at time zero. Lysates (50 �g)
were separated by SDS-polyacrylamide gel electrophoresis (PAGE) and immu-
noblotted with anti-T7 antibodies (Novagen) to detect expression of Nedd4(CS).

Internalization assay. Cell surface receptors were assessed by enzyme-linked
immunosorbent assay (ELISA), as previously described (45). Briefly, cells were
plated onto poly-L-lysine coated 24-well dishes in Dulbecco’s modified Eagle
medium supplemented with 10% FBS. The following day, they were washed
three times with Dulbecco’s modified Eagle medium and serum starved for 24 h
in SFM. Cells were treated in the absence or presence of 200 ng of IGF-I/ml for
0, 15, 30, and 60 min. Medium was aspirated, and cells were fixed for 10 min at
room temperature in 3.7% formaldehyde in Tris-buffered saline (TBS; 50 mM
Tris-HCl [pH 7.4], 150 mM NaCl). Cells were washed three times with TBS and
then blocked for 45 min with 1% bovine serum albumin–TBS. Cells were incu-
bated for 1 h with a monoclonal antibody against the IGF-IR � subunit (diluted
1:1,000; Oncogene Sciences), washed three times, reblocked for 15 min, and
incubated for 1 h with goat anti-mouse alkaline phosphatase-conjugated anti-
body (diluted 1:1,000; Sigma). They were then washed three times, and antibody
binding was visualized by adding 0.25 ml of alkaline phosphatase substrate
(Bio-Rad). The reaction was stopped by removing 0.1 ml of the substrate to a
96-well microtiter plate containing 0.1 ml of 0.4 M NaOH. Plates were read at
405 nm in a microplate reader (Bio-Rad) by using Microplate Manager software.

Densitometric analysis. Densitometric analysis was performed with a Molec-
ular Dynamics densitometer. Data were analyzed with the Image Quant Program
at the Kimmel Cancer Center Nucleic Acid Facility.

Coimmunoprecipitations to detect the Grb10/Nedd4/IGF-IR complex. To in-
vestigate the presence of the IGF-IR in complex with Grb10 and Nedd4, serum-
starved p6/Grb10 cells were stimulated with 20 ng of IGF-I/ml for 10 min and
lysed, and 1 mg of protein was immunoprecipitated with anti-Myc (Oncogene
Sciences) antibodies to precipitate the Myc-tagged Grb10 (36, 38). After SDS-
PAGE, filters were probed with anti-IGF-IR (Santa Cruz), -Grb10 (UBI), and
-Nedd4 (Transduction Laboratories) antibodies, as described previously (36). To
test the level of Nedd4 associated with the IGF-IR, 2 mg of IGF-I-stimulated p6
and p6/Grb10 cell lysates was immunoprecipitated with anti-IGF-IR antibodies
and stained for Nedd4, Grb10, and IGF-IR, as described above.
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Generation and use of the Grb10 SH2 deletion mutant. The Myc-tagged
Grb10 SH2 deletion mutant was generated by standard PCR techniques with the
following specific primers: forward, ATG-GAG-CAG-AAG-CTG-ATC-AGC-
GAG-GAG-GAC-CTG-AAC-AAC-G; reverse, ATG-CTG-AGT-CCT-GTG-
AAT-CAC-TGC-ATT-CAG-GGT-AGA-AGG-AT. The PCR product was cloned
first into the PCR Topo II vector (Invitrogen) and then into the pCDNA3.1/
Hygro expression vector. In independent experiments, p6 and p6/Grb10 cells
were transiently cotransfected with the HA-Ub plasmid in combination with
either the empty pCDNA3.1/Hygro vector or the pCDNA3.1/Hygro Grb10�SH2
mutant. Serum-starved transfected p6 and p6/Grb10 cells were stimulated with
20 ng of IGF-I/ml for 10 min and lysed, and 1 mg (p6/Grb10) or 2 mg (p6) of
proteins was immunoprecipitated with anti-IGF-IR antibodies, as described
above. The expression of Myc-tagged Grb10 proteins was detected with anti-Myc
polyclonal antibodies (Santa Cruz).

RESULTS

Ligand-dependent ubiquitination of the IGF-IR in cells
overexpressing Grb10 (p6/Grb10 cells). It was recently shown
that the SH2 domain of mGrb10� binds to the C2 domain of
the E3 ubiquitin ligase Nedd4 and that this binding is phos-
photyrosine independent and constitutive (36). Moreover, that
work also showed that Grb10 is not a target for ubiquitination
by Nedd4 (36) in mouse embryo fibroblasts. We therefore
investigated whether the interaction between Grb10 and
Nedd4 could instead serve to localize Nedd4 to targets of
Grb10 such as the IGF-IR and promote its ubiquitination. We
thus performed experiments in which a HA-ubiquitin construct
was transiently transfected into parental p6 cells (stably over-
expressing the IGF-IR) or p6/Grb10 cells (stably overexpress-
ing the IGF-IR and Myc-tagged Grb10). After transfection
with the HA-Ub plasmid, cells were serum starved for 24 h and
then stimulated with 20 ng of IGF-I/ml for 10 min (or left
unstimulated). Following immunoprecipitation with anti-
IGF-IR antibodies, proteins were immunoblotted with an-
ti-HA antibodies to assess their ubiquitination. As seen in Fig.
1A, the appearance of a high-molecular-weight broad band
recognized by the HA antibodies in the IGF-IR immunopre-
cipitates suggests that the receptor is ubiquitinated in vivo.
Importantly, following ligand stimulation, there is a strong
increase in ubiquitination of the IGF-IR in the p6/Grb10 cells
compared with the parental p6 cells (Fig. 1A). In parental p6
cells and in unstimulated p6/Grb10 cells, low levels of ubiq-
uitination of the IGF-IR can be detected, but only after over-
exposure of the film (not shown). Fig. 1B, C, and D depict
controls, demonstrating activation of the IGF-IR following
IGF-I stimulation (antiphosphotyrosine blot [Fig. 1B]), equal
levels IGF-IR protein were immunoprecipitated in all treat-
ments (Fig. 1C), and equal amounts of HA-Ub expressed in all
treatments (Fig. 1D). These data strongly suggest a role of
Grb10 in promoting ligand-induced ubiquitination of the IGF-
IR.

To ensure that the ubiquitination of the IGF-IR in the
p6/Grb10 cells shown in Fig. 1A was of the receptor itself and
not of associated proteins coprecipitating with the IGF-IR or
Grb10, lysates from IGF-I-stimulated p6/Grb10 cells (tran-
siently transfected with the HA-Ub construct) were boiled in
1% SDS for 5 min prior to immunoprecipitation of the IGF-
IR. This treatment removes associated proteins while leaving
intact ubiquitin moieties, which are covalently linked to their
target. As seen in Fig. 1E, the IGF-IR was still ubiquitinated
following boiling in SDS, confirming that it is indeed the

FIG. 1. Grb10 increases ligand-dependent ubiquitination of the
IGF-IR in cells. p6 and p6/Grb10 cells were plated in triplicate onto
six-well plates and transiently transfected with the HA-Ub construct.
After 24 h, cells were shifted to SFM for an additional 24 h and then
stimulated for 10 min with 20 ng of IGF-I/ml in the presence of 20 �M
MG132 and 0.4 mM chloroquine to accumulate the ubiquitinated
forms. Cell lysates were pooled, and 800 �g was immunoprecipitated
(IP) with anti-IGF-IR antibody and blotted with anti-HA antibodies to
detect ubiquitinated species (A). This blot was then stripped and re-
probed with antiphosphotyrosine antibodies (B) and anti-IGF-IR an-
tibodies to test for the amount of receptor immunoprecipitated (C).
Total lysates served as a positive control for HA-Ub transfection (D).
Results in panels A to D are representative of three independent
experiments. (E) The IGF-IR, but not coprecipitated protein(s), is
ubiquitinated in p6/Grb10 cells. After transient transfections as above,
lysates of IGF-I-stimulated p6/Grb10 cells were treated with 1% SDS
and boiled for 5 min prior to immunoprecipitation with anti-IGF-IR
antibodies. After immunoprecipitation, the filter was probed with an-
ti-HA (left) to detect IGF-IR ubiquitination or anti-IGF-IR (center)
antibodies (control). Total lysate served as a positive control for
HA-Ub transfection (right). (F) IGF-I-induced ubiquitination of the
IGF-IR in p6/Grb10 cells is detectable at endogenous levels of ubiq-
uitin. Lysates (2 mg) of IGF-I-stimulated p6/Grb10 cells were immu-
noprecipitated with anti-IGF-IR antibodies. After immunoprecipita-
tion the filter was probed with antiubiquitin (UB) antibody (left and
right) to detect the ubiquitinated IGF-IR. The blot with anti-IGF-IR
antibodies (center) is a control. Results in panels E and F are repre-
sentative of two independent experiments.
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IGF-IR that is ubiquitinated, and not other putative associated
proteins.

To investigate if the ligand-dependent ubiquitination of the
IGF-IR in p6/Grb10 cells could be also detected at endoge-
nous levels of ubiquitin, we immunoprecipitated the IGF-IR
from IGF-I-stimulated p6/Grb10 cell lysates and immunoblot-
ted the filter with antiubiquitin antibodies. As shown in Fig. 1F,
ubiquitination of the IGF-IR in p6/Grb10 cells was detectable
with antiubiquitin antibodies.

Grb10 is implicated in the regulation of IGF-IR stability.
Ubiquitination of proteins regulates their stability and usually
targets them for degradation (17). We therefore investigated
whether the increased ubiquitination of the IGF-IR in cells
overexpressing Grb10 could alter their half-life, using pulse-
chase experiments. To this end, p6 and p6/Grb10 were starved
in serum-free Met-Cys-free medium, pulsed with [35S]Met-Cys
for 1 h, and chased in SFM supplemented with 20 ng of IGF-
I/ml for 0 to 8 h. Cells were then lysed, and 300 �g of protein
was immunoprecipitated with anti-IGF-IR antibodies. The
IGF-IR is newly synthesized as a proreceptor (Fig. 2A) and
then processed into � and � subunits. Our results show that in
parental p6 cells, after stimulation with IGF-I, the IGF-IR �
and � subunits have a half-life of �8 h. This half-life is dras-
tically reduced in p6/Grb10 cells, to �2 h (Fig. 2A and B).
These results suggest that in the presence of Grb10 (p6/Grb10
cells) and IGF-I stimulation, the increased ubiquitination of
the IGF-IR is associated with a dramatic decrease in receptor
stability.

Cell surface expression of the IGF-IR is reduced upon
ligand stimulation in p6/Grb10 cells. Ubiquitination of
transmembrane receptor proteins has been reported to reg-
ulate ligand-mediated internalization (28). We therefore used
ELISA (45) to test whether the increased ligand-dependent
ubiquitination of the IGF-IR in p6/Grb10 cells was associated
with a reduction in the level of cell surface IGF-IR proteins.
Figure 2C shows that in p6/Grb10 cells there was a clear de-
crease in the amount of IGF-IR at the cell surface after 30 min
of IGF-I stimulation compared to that in the parental p6 cells,
suggesting that the increased ligand-induced ubiquitination of
the IGF-IR in p6/Grb10 cells is associated with a faster ligand-
mediated internalization of the receptor. The increase in the
amount of cell surface IGF-IR in the control p6 cells over time
likely represents the accumulation of recycled receptor.

IGF-IR degradation is mediated by both the proteasome
and lysosomal pathways. To further investigate if the increased
ubiquitination and internalization of the IGF-IR in cells over-
expressing Grb10 could promote a faster degradation of the
receptor and to determine the routes of this degradation, we
tested by Western blotting the level of the IGF-IR in p6 and
p6/Grb10 cells at different time points after IGF-I stimulation.
As shown in Fig. 3A, while the level of the IGF-IR protein (�
subunit) is stable for up to 20 h of IGF-I stimulation in paren-
tal p6 cells, in p6/Grb10 cells the level of the receptor is already
decreased by 8 h and severely reduced after 20 h of IGF-I
stimulation. The same filters were reprobed with anti-Grb2
antibodies as a control for the amount of loaded proteins (Fig.
3A). Transmembrane receptor tyrosine kinases are targeted
for degradation by either the lysosomal or the proteasome
pathway (reviewed in references 17, 42, and 59). We investi-
gated, therefore, whether the degradation of the IGF-IR in

p6/Grb10 cells is sensitive to proteasome or lysosomal pathway
inhibitors. We thus determined the levels of the IGF-IR in
p6/Grb10 cells at 20 h after stimulation with IGF-I alone or
when supplemented with either a 20 �M concentration of the
proteasome inhibitor MG132 or 0.4 mM chloroquine, an in-
hibitor of the lysosomal pathway. Figure 3B (upper panel)
shows that treatment with either MG132 or chloroquine sta-
bilizes the IGF-IR protein, suggesting that the IGF-IR in p6/
Grb10 cells is targeted for degradation by both the proteasome
and lysosomal pathways.

Ubiquitination of the IGF-IR occurs prior to entry into
endocytotic vesicles. Previous results have suggested that ubiq-
uitination of the EGFR mediated by Cbl occurs in early en-
dosomes (28). We therefore investigated whether the ligand-
dependent ubiquitination of the IGF-IR in p6/Grb10 cells
requires the formation of early endosomes. We thus repeated
the ubiquitination experiments with the IGF-IR in the pres-
ence of dansylcadaverine, a specific inhibitor of IGF-IR traf-
ficking in endocytotic vesicles (7). As shown in Fig. 4A, incu-
bation of p6/Grb10 cells with 500 �M dansylcadaverine (7) had
no effect on IGF-I-mediated ubiquitination of the IGF-IR,
suggesting that the IGF-IR in p6/Grb10 is most likely ubiqui-
tinated at the plasma membrane or at a very early step in
vesicle formation, prior to the step inhibited by dansylcadav-
erine. On the other hand, 200 �M dansylcadaverine was very
effective at inhibiting the subsequent degradation of the
IGF-IR (Fig. 4B), confirming that degradation of the IGF-IR
requires prior endocytosis.

Grb10 coimmunoprecipitates with the IGF-IR and endoge-
nous Nedd4 in cells. Grb10 binds the IGF-IR in a phosphoty-
rosine-dependent manner (35), while the binding of Grb10 to
Nedd4 is phosphotyrosine independent and constitutive (36).
The IGF-IR does not contain PY motifs, which are binding
sites for Nedd4 (47, 53), and in fact, using the yeast two-hybrid
system, we could not detect any direct interaction between the
IGF-IR and Nedd4 (data not shown). We therefore hypothe-
sized that Grb10 may have an adapter function to connect
Nedd4 and the IGF-IR. To investigate this hypothesis, we first
tested whether the IGF-IR could be recovered in a complex
with Grb10 and endogenous Nedd4 in vivo in coimmunopre-
cipitation experiments. Serum-starved p6/Grb10 cells were
stimulated with IGF-I and lysed, and proteins were immuno-
precipitated with anti-Myc antibodies to precipitate the Myc-
tagged Grb10 (36, 38). As shown in Fig. 5E, Grb10 was immu-
noprecipitated with anti-Myc antibodies in p6/Grb10 cells.
Grb10 was able to coimmunoprecipitate endogenous Nedd4
(Fig. 5C), and this binding is constitutive, as shown previously
(36). Grb10 is also able to coimmunoprecipitate the IGF-IR,
and the binding is increased after stimulation with IGF-I (Fig.
5A). We also immunoprecipitated the IGF-IR from lysates of
IGF-I-stimulated p6 and p6/Grb10 cells, which revealed en-
hanced Nedd4 recruitment to the IGF-IR in p6/Grb10 cells
compared to that in parental p6 cells (Fig. 5D), confirming that
Grb10 acts to recruit Nedd4 to the IGF-IR. These results sug-
gest complex formation between Grb10, endogenous Nedd4,
and the IGF-IR in p6/Grb10 cells.

Overexpression of catalytically inactive Nedd4 abolishes
ubiquitination of the IGF-IR in p6/Grb10 cells. Our results
suggest a possible role for Nedd4 in ubiquitination of the
IGF-IR in p6/Grb10 cells. To test whether endogenous Nedd4
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is the E3 responsible for ubiquitination of the IGF-IR, we
transiently cotransfected p6/Grb10 cells with Nedd4(CS) (47)
and HA-Ub and assessed the level of ubiquitination of the
IGF-IR. As seen in Fig. 6A, there was a marked increase of
ubiquitination of the IGF-IR in vector-transfected p6/Grb10
cells after stimulation with IGF-I. In contrast, overexpression

of Nedd4(CS) mutant diminished ubiquitination of the IGF-IR
(Fig. 6A), suggesting that Nedd4(CS) is acting in a dominant
negative fashion to block ubiquitination of the IGF-IR medi-
ated by endogenous Nedd4. These results therefore suggest
that Nedd4 is the ubiquitin ligase responsible for ubiquitina-
tion of the IGF-IR in p6/Grb10 cells.

FIG. 2. Grb10 is involved in regulating IGF-IR stability and internalization. p6 and p6/Grb10 were serum starved in serum-free Met-Cys-free
medium, pulsed with [35S]Met-Cys for 1 h, and chased in SFM supplemented with 20 ng of IGF-I/ml for 0, 2, 4, and 8 h. Cells were then lysed,
and 300 �g of protein was immunoprecipitated with anti-IGF-IR antibodies. (A) Immunocomplexes were washed, resolved by SDS-PAGE, dried,
and exposed to X-ray film. The IGF-IR is newly synthesized as a proreceptor and then processed into � and � subunits. Results are representative
of three independent experiments. (B) Quantitation of IGF-IR using densitometric analysis. The graph was generated with the ImageQuant
program. (C) Decreased level of cell surface IGF-IR in p6/Grb10 cells. The level of cell surface IGF-IR in p6 and p6/Grb10 cells was determined
by ELISA at different times of IGF-I stimulation, as described in Materials and Methods. IGF-I was used at 200 ng/ml to ensure a saturating
concentration of the ligand. The data are the averages of three independent experiments.
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Nedd4(CS) increases stability of the IGF-IR in p6/Grb10
cells. Ubiquitination of proteins targets them for degradation.
To confirm the role of Nedd4 in regulating stability of the
IGF-IR, we transiently transfected Nedd4(CS) into p6/Grb10
cells. Cells were then starved in serum-free Met-Cys-free me-
dium, pulsed with [35S]Met-Cys for 1 h, and chased in SFM
supplemented with 20 ng of IGF-I/ml for 8 h. Cells were then
lysed, and 300 �g of protein was immunoprecipitated with
anti-IGF-IR antibodies. As seen in Fig. 7, overexpression of
Nedd4(CS) partially stabilized the IGF-IR, compared with p6/
Grb10 cells transfected with the empty vector. These data
suggest that Nedd4 regulates the stability of the IGF-IR in cells
expressing Grb10.

Overexpression of a Grb10 mutant lacking the SH2 domain
impairs ubiquitination of the IGF-IR in p6/Grb10 cells. To
confirm that Grb10 acts as a bridge to bring Nedd4 to the
IGF-IR, we generated a Grb10 deletion mutant lacking the
SH2 domain (�SH2); this Grb10 mutant is unable to bind
Nedd4 but retains the binding site for the IGF-IR (BPS do-
main) and is able to bind the receptor (Fig. 8E). This Grb10
mutant was transiently cotransfected into p6/Grb10 cells with
HA-Ub, and the level of ubiquitination of the IGF-IR was
subsequently assessed. As seen in Fig. 8A, there was strong
ubiquitination of the IGF-IR in p6/Grb10 cells after stimula-
tion with IGF-I. In contrast, overexpression of the �SH2
Grb10 mutant, which competes with wild-type Grb10 for bind-
ing to the receptor (Fig. 8E), severely reduced ubiquitination
of the IGF-IR (Fig. 8A), suggesting that Nedd4 binding to
Grb10 is critical for ubiquitination of the IGF-IR in p6/Grb10
cells. To confirm that the ubiquitination of the IGF-IR in
parental p6 cells was mediated by endogenous Grb10, we tran-
siently cotransfected the �SH2 Grb10 mutant into parental p6
cells with the HA-Ub plasmid, and the level of ubiquitination
of the IGF-IR was subsequently assessed. As seen in Fig. 8B,

there was ubiquitination of the IGF-IR in p6 cells after stim-
ulation with IGF-I. In contrast, overexpression of the �SH2
Grb10 mutant almost completely abolished this ubiquitination
(Fig. 8B), suggesting that endogenous Grb10 is necessary for
the ubiquitination of the IGF-IR in parental p6 cells. These
results strongly suggest that endogenous and overexpressed
Grb10 acts as a bridge (adapter) between the IGF-IR and
endogenous Nedd4, thus promoting ligand-dependent ubiq-
uitination of the IGF-IR.

DISCUSSION

Our results can be summarized as follows. (i) In mouse
embryo fibroblasts overexpressing Grb10 and the IGF-IR (p6/
Grb10), there is a strong ligand-dependent increase in ubiq-
uitination of the IGF-IR compared with that in p6 cells. (ii)
Ubiquitination of the IGF-IR is associated with a shorter half-
life and increased internalization of the receptor in p6/Grb10
cells. (iii) The IGF-IR is stabilized following treatment with
both MG132 and chloroquine, indicating that both the protea-
some and lysosomal pathways mediate degradation of the re-
ceptor. (iv) Ubiquitination of the IGF-IR occurs at the plasma
membrane or at a very early stage in vesicle formation, as it is
insensitive to dansylcadaverine, a specific inhibitor of early
endosomes in IGF-IR trafficking. (v) Grb10 coimmunopre-
cipitates in vivo with the IGF-IR and endogenous Nedd4,
suggesting the presence of a complex in p6/Grb10 cells. (vi)
Ubiquitination of the IGF-IR in p6/Grb10 cells is impaired by
overexpression of Nedd4(CS), which also stabilizes the recep-
tor. (vii) Overexpression of a Grb10 mutant lacking the SH2

FIG. 3. Ligand-stimulated IGF-IR degradation in p6/Grb10 cells is
mediated by both the proteasome and lysosomal pathways. (A) p6 or
p6/Grb10 cells were serum starved and then stimulated with 20 ng of
IGF-I/ml for the indicated times. (B) IGF-IR levels were determined
by immunoblotting with anti-IGF-IR polyclonal antibodies. p6/Grb10
cells were stimulated for 20 h with IGF-I alone or supplemented with
20 �M MG132 (MG), 0.4 mM chloroquine (Chl), or both (M�C). The
total amount of protein loaded on the gel was monitored with anti-
Grb2 monoclonal antibodies (A and B). Results are representative of
three independent experiments. Densitometric analysis of the repre-
sentative experiment was performed with the ImageQuant program,
and results are expressed as the percentage of IGF-IR remaining.

FIG. 4. Ubiquitination of the IGF-IR occurs prior to the formation
of endocytotic vesicles. (A) p6/Grb10 cells were plated in triplicate
onto six-well plates and transiently transfected with HA-Ub. After
24 h, cells were shifted to SFM for an additional 24 h and then
stimulated for 10 min with 20 ng of IGF-I/ml in the presence of MG132
and chloroquine (IG). Dansylcadaverine (500 �M) was added at the
time of stimulation with IGF-I (IG�D). Cell lysates were pooled, and
800 �g was immunoprecipitated with anti-IGF-IR antibody and blot-
ted with anti-HA antibodies to detect ubiquitinated species. This blot
was then stripped and reprobed with anti-IGF-IR antibodies to test for
the amount of receptor immunoprecipitated. Total lysates served as
positive controls for HA-Ub transfection. (B) p6/Grb10 cells were
stimulated for 20 h with IGF-I alone or supplemented with 100 (I�D
1) or 200 (I�D 2) �M dansylcadaverine. IGF-IR levels were deter-
mined by Western blotting with anti-IGF-IR polyclonal antibodies.
The total amount of protein loaded on the gel was monitored with
anti-Grb2 monoclonal antibodies. Results are representative of two
independent experiments.
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domain impairs IGF-I-mediated ubiquitination of the IGF-IR
in both p6 and p6/Grb10 cells, suggesting that binding between
Grb10 and Nedd4 is critical for ubiquitination of the receptor.

The adapter protein Grb10 belongs to a superfamily of re-
lated proteins including Grb7, -10, and -14 and C. elegans
Mig10 (reviewed in reference 35). Grb10 was isolated in our
and other laboratories as an interacting partner of the IGF-IR
or the IR (35). Previous and recent work has shown an inhib-
itory role for mGrb10� in IGF-I-mediated mitogenesis (38),
and mGrb10� was used as bait in a yeast two-hybrid screen to
isolate mouse Nedd4, a ubiquitin protein ligase, as an inter-
acting protein of Grb10 (36).

Nedd4 contains a C2 domain, three or four WW domains
and a ubiquitin ligase HECT domain. The WW domains me-
diate binding to target proteins, usually by associating with
their PY motifs (PPxY) (23, 53). The IGF-IR does not have PY
motifs, suggesting that there is no direct interaction between
these two proteins. In fact, when we used the two-hybrid sys-
tem we did not detect any direct binding between the IGF-IR
and Nedd4 (data not shown). The interaction between the C2
domain of Nedd4 and the SH2 domain of Grb10, via a phos-
photyrosine-independent association, did not result in ubiquiti-
nation of Grb10 (36). It was therefore reasonable to speculate
that this interaction may instead serve to localize Nedd4 to
targets of Grb10 such as the IGF-IR. Indeed, ubiquitination of
the IGF-IR was demonstrated previously (52), and we now
present evidence for a strong ligand-dependent in vivo ubiq-
uitination of the IGF-IR in p6/Grb10 cells compared with
parental p6 cells. This increased ubiquitination is associated
with a shorter half-life and decreased levels of cell surface
IGF-IR in p6/Grb10 cells. These results suggest that the li-
gand-mediated increased ubiquitination of the IGF-IR in p6/
Grb10 cells is associated with an increase in the internalization
rate for the receptor, as previously reported for the EGFR
(28). The IGF-IR in p6/Grb10 cells is likely ubiquitinated at
the plasma membrane, as it occurs in the presence of dansylca-
daverine, a specific inhibitor of IGF-IR endocytosis (7). Grb10
coprecipitates in vivo with the IGF-IR and endogenous Nedd4,
indicating the presence of a complex in p6/Grb10 cells. These

data strongly suggest that Grb10 plays an adapter role in
Nedd4-mediated ubiquitination of the IGF-IR. Significantly, it
was recently shown in Drosophila that DNedd4 binds Commis-
sureless, and Commissureless acts as an adapter protein to

FIG. 5. Grb10 coimmunoprecipitates with the IGF-IR and endogenous Nedd4. Serum-starved p6/Grb10 cells were stimulated with IGF-I for
10 min and lysed, and proteins were immunoprecipitated with anti-Myc antibodies to immunoprecipitate Myc-tagged Grb10 (36, 38). Total lysates were
used to show the correct sizes of coprecipitated proteins. In panel E, the third and lower isoform of Grb10 is detected by anti-Grb10 antibodies after
longer exposure of the film (not shown). To detect Nedd4 association with the IGF-IR, serum-starved p6 and p6/Grb10 cells were stimulated with
IGF-I for 10 min and lysed, and proteins were immunoprecipitated with anti-IGF-IR antibodies.

FIG. 6. Catalytically inactive Nedd4 impairs ubiquitination of the
IGF-IR in p6/Grb10 cells. p6/Grb10 cells were transiently cotransfect-
ed with either an empty vector (V) or Nedd4(CS) and HA-Ub. IGF-IR
was then immunoprecipitated, and levels of its ubiquitination were
determined with anti-HA antibodies (A), as described for Fig. 1. (B)
Level of the IGF-IR immunoprecipitated; (C) same filter reprobed with
anti-T7 antibodies to detect the expression of Nedd4(CS); (D) lysates
probed with anti-HA antibodies to ensure equal expression of the HA-Ub
plasmid. Results are representative of three independent experiments.
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target Roundabout for internalization in a DNedd4-dependent
manner (40). Moreover, Cbl-induced ubiquitination of the T-
cell receptor � requires the adapter role of Zap-70 (61), point-
ing to a possible common alternative molecular mechanism
that requires the presence of an adapter protein in E3-medi-
ated ubiquitination of receptor proteins.

p6/Grb10 cells are severely impaired in IGF-I-stimulated
cell proliferation compared with parental p6 cells (38), im-
plicating Grb10 in this impairment. Accordingly, our results
suggest that Grb10, by recruiting Nedd4, promotes increased
ubiquitination, faster internalization, and subsequent enhanced
degradation of the IGF-IR in p6/Grb10 cells, thus negatively
regulating IGF-IR downstream signaling and mitogenesis. This
is reminiscent of the negative role of Cbl, a RING finger E3, in
mitogenesis via receptor tyrosine kinases, such as the EGFR,
platelet-derived growth factor receptor, colony-stimulating fac-
tor 1 receptor, and Met (27, 28, 32, 63). However, we cannot
rule out the possibility that Grb10 could also inhibit IGF-IR
signaling by additional mechanisms, like direct inhibition of the
kinase activity of the receptor by binding of the Grb10 BPS
region, as recently reported by other investigators (5, 56).

Our results show that specific inhibitors of both the protea-
some and lysosomal pathways stabilize the IGF-IR protein,
indicating that both pathways contribute to the degradation of
the receptor. There is precedence for degradation of trans-
membrane proteins by both pathways. For example, in ENaC,
the unassembled chains are targeted to the proteasome while
the assembled channel is degraded by the lysosome and pos-
sibly also by the proteasome (54). Moreover, although many
cell surface proteins, particularly in Saccharomyces cerevisiae,
are degraded by the lysosome and/or vacuole, proteasome in-
volvement has been demonstrated in several others, such as the
growth hormone receptor (59), LMP1 (2), and several tyrosine
kinase receptors (21, 28, 34).

Overexpression of the Nedd4(CS) mutant impaired ubiquiti-

nation of the IGF-IR in p6/Grb10 cells (Fig. 6) and partially
stabilizes the receptor (Fig. 7), indicating that the mutant
Nedd4 acts in a dominant negative fashion towards the endog-
enous Nedd4. The effect of Nedd4(CS) on stability of the
IGF-IR is not as pronounced as in inhibiting ubiquitination.
This result can be explained given that (i) endogenous Nedd4
is expressed at high levels in p6/Grb10 cells (36, 38) and that
(ii) in the ubiquitination experiments Nedd4(CS) competes
with the endogenous Nedd4 for ubiquitination of only a frac-
tion of total receptor (the portion that is ubiquitinated), while
in pulse-chase experiments the Nedd4(CS) mutant acts on the
total pool of newly synthesized IGF-IR. These results there-
fore suggest that Nedd4 is likely the E3 ligase involved in the
regulation of ubiquitination, sorting, and stability of the IGF-
IR in p6/Grb10 cells. We cannot rule out the possibility, how-
ever, that other ubiquitin ligases could also participate in the
ubiquitination of the IGF-IR, utilizing mechanisms indepen-
dent of Grb10.

Ligand-dependent internalization through clathrin-coated
pits and subsequent degradation of tyrosine kinase receptors is
a critical step in modulating their biological activity (9, 18). But
while the role of the ubiquitin ligase Cbl is well established in
tyrosine kinase receptor ubiquitination and regulation (27, 28,
31, 32, 63), our data represent, to our knowledge, the first
evidence for the involvement of the Nedd4 (HECT) family of
E3 ubiquitin ligases in the regulation of ubiquitination, inter-
nalization, and stability of tyrosine kinase receptors. Moreover,

FIG. 7. Catalytically inactive Nedd4(CS) mutant stabilizes the
IGF-IR in p6/Grb10 cells. p6/Grb10 cells were transiently transfected
with Nedd4(CS). Cells were starved in serum-free Met-Cys-free me-
dium, pulsed with [35S]Met-Cys for 1 h, and chased in SFM supple-
mented with 20 ng of IGF-I/ml for 8 h. Cells were then lysed, and 300
�g of proteins was immunoprecipitated with anti-IGF-IR antibodies.
Immunocomplexes were washed, resolved by SDS-PAGE, dried, and
exposed to X-ray film. Densitometric analysis was performed with the
ImageQuant program, and results are expressed as the percentage of
IGF-IR remaining. (Lower panel) Immunoblot using anti-T7 antibod-
ies to detect the transiently transfected T7-tagged Nedd4(CS) mutant.
Results are representative of three independent experiments.

FIG. 8. Overexpression of a Grb10 mutant lacking the SH2 domain
impairs ubiquitination of the IGF-IR in p6 and p6/Grb10 cells. p6 and
p6/Grb10 cells were transiently cotransfected with either an empty
vector (V) or the �SH2 mutant and HA-Ub. After IGF-I stimulation,
cell lysates were pooled, immunoprecipitated with anti-IGF-IR anti-
body, and blotted with anti-HA antibodies to detect ubiquitinated
species (A and B). This blot was then stripped and reprobed with
anti-IGF-IR antibodies (C and D) to determine the amount of recep-
tor immunoprecipitated. Panels E and F show the same filter reprobed
with anti-Myc antibodies to detect the expression of Myc-tagged wild-
type and mutant Grb10 proteins. In panel F, the endogenous Grb10 is
not detectable by anti-Myc antibodies. Total lysates blotted with anti-
HA antibodies (G and H) serve as positive controls for HA-Ub trans-
fection. Results are representative of three independent experiments.
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unlike the regulation of ENaC by direct binding of Nedd4
family members, regulation of the IGF-IR by Nedd4 employs
an adapter protein, Grb10 (Fig. 9). Furthermore, this Nedd4/
Grb10 complex formation is not dependent on Nedd4-WW
binding to PY motifs on target proteins, as the interaction is
mediated by the SH2 domain of Grb10 and the C2 domain of
Nedd4 (36). Significantly, the expression in parental p6 and
p6/Grb10 cells of the �SH2 mutant inhibits IGF-I-mediated
ubiquitination of the IGF-IR (Fig. 8), confirming that the bind-
ing of endogenous and exogenously expressed Grb10 to Nedd4
is critical for ubiquitination of the receptor.

Nedd4 and its yeast homologue Rsp5p had been previously
shown to regulate the stability of numerous cell surface pro-
teins (reviewed in reference 51), as well as several cytoplasmic
and nuclear proteins (4, 46). More recently, Nedd4 members
were shown to also regulate ubiquitination involved in vesicu-
lar transport and sorting (16) and virus particle budding (18,
24). Our work extends our understanding of Nedd4 function,
i.e., regulation of ubiquitination and stability of receptor ty-
rosine kinases, by use of the adapter protein Grb10 and pos-
sibly other family members, such as Grb7 and Grb14 (30),
which also bind Nedd4.
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